Abstract: The Golgi apparatus is critical in the compartmentalization of signaling cascades originating from the cytoplasmic membrane and various organelles. Scaffold proteins, such as progestin and adipoQ receptor (PAQR)3, specifically regulate this process, and have recently been identified in the Golgi apparatus. PAQR3 belongs to the PAQR family, and was recently described as a tumor suppressor. Accumulating evidence demonstrates PAQR3 is downregulated in different cancers to suppress its inhibitory effects on malignant potential. PAQR3 functions biologically through the pathological regulation of altered signaling pathways. Significant cell proliferation networks, including Ras proto-oncogene (Ras)/mitogenactivated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), insulin, and vascular endothelial growth factor, are closely controlled by PAQR3 for physiologically relevant effects. Meanwhile, genetic/epigenetic susceptibility and environmental factors, may have functions in the downregulation of PAQR3 in human cancers. This study aimed to assess the subcellular localization of PAQR3 and determine its topological features and functional domains, summarizing its effects on cell signaling compartmentalization. The pathophysiological functions of PAQR3 in cancer pathogenesis, metabolic diseases, and developmental ailments were also highlighted.
Introduction
Cancer represents the number one killer in developed countries and the second deadliest disease in the underdeveloped world, thereby constituting one of the most important health problems worldwide. 1 The mechanistic targets of signaling pathways play critical roles in cell growth control, with a large number of multiprotein complexes relaying nutrients, energy, and growth factors through metabolic signaling. 2 The characteristic features of malignancy, such as rapid growth and proliferation, are enhanced by cell metabolic reprogramming in cancer cells, generating additional energy and providing more anabolic molecules for biosynthesis, cell oxidation, and redox state rebalance in cancer cells. 3 Cancer metabolism represents an important characteristic of tumors, and is significantly altered at every stage of tumorigenesis.
Multiple signaling networks regulate cell fate mechanisms. Cell signaling conveys extracellular signals into the cell, especially the nuclear compartment, causing cell growth, differentiation, and apoptosis. 4, 5 Increasing evidence suggests the Golgi apparatus constitutes a critical signaling organelle for multiple networks originating from the cytoplasmic membrane. Hence, subcellular compartmentalization is considered a significant premise in cell signaling. 6, 7 Progesterone and adipoQ receptor (PAQR3), a Golgi organelle membrane protein, is negatively regulated in numerous human cancers and highly involved in malignant potential via various mechanisms. 8, 9 It was also demonstrated that PAQR3 modulates metabolic homeostasis and participates in the compartmentalization of cell signaling. 6 PAQR3 may be regulated by environmental factors and DNA methylation through genetic and epigenetic mechanisms. 10, 11 Understanding the pathways that regulate PAQR3 may provide new therapeutic targets for cancers and metabolic diseases.
The PAQR family and PAQR3 gene
The PAQR protein family comprises transmembrane proteins widely found in multiple species, eg, archaebacteria, Eubacteria, Caenorhabditis elegans, and mammals. [12] [13] [14] The PAQR family is highly conserved, indicating that it is evolutionary critical. 12 In mammalians, there are 11 PAQR family members (PAQR1-PAQR11). 15 PAQR proteins comprise seven transmembrane domains with the N-and C-termini found intracellularly and extracellularly, respectively, which is topologically different from typical G protein-coupled receptors (GPCRs). 14, 16 A few PAQR proteins have been previously assessed for their roles. Previous studies have shown that PAQR1 and PAQR2 (or AdipoR1 and AdipoR2, respectively) are receptors for adiponectin, which regulates glucose metabolism. 17, 18 PAQR5, PAQR7, and PAQR8 are receptors for progestin, [19] [20] [21] [22] [23] while PAQR10 acts as a steroid receptor. 24 The Ras/Raf proto-oncogene (Raf)/MAPK/Erk kinase (MEK)/extracellular-signal-regulated kinase (ERK) pathway modulates several important cell functions, such as growth, apoptosis, differentiation, migration, and metabolism. [25] [26] [27] Ras/Raf/MEK/ERK signaling dysregulation is associated with multiple diseases in humans, specifically playing a crucial oncogenic role in cancers. [28] [29] [30] [31] PAQR3, or RKTG (Raf kinase trapping to Golgi), 32 represents a type III membrane protein whose N-terminal end faces the cytoplasm ( Figure 1A ). Many PAQR3 portions target the protein to the Golgi apparatus and promote its binding to Raf-1 in mammalian cells. 33 The encoded protein belongs to the PAQR family. 14 Topological structure and subcellular localization of PAQR3
The PAQR3 gene is distributed in the whole eukaryotes, and it has an ancient evolutionary history. From the evolutionary tree, it differentiated from the PAQR gene family earlier and has a relatively independent differentiation direction, which is different from the PAQR10 and PAQR11 belonging to the differentiation branches of hemolysin class 3 proteins (hemolysin III type protein, HLY3), the adiponectin receptor related PAQR gene members PAQR1 and PAQR2, the progesterone hormone membrane receptor PAQR gene members PAQR4~PAQR9. 38 Like other PAQR genes, the PAQR3 gene of all human or mouse sources contains a highly conserved PFAM-UPF0073 domain. According to the hydrophilic and hydrophobic analysis of the sequence, this domain is predicted to contain a seven-times transmembrane structure, but compared with the typical I transmembrane structure of GPCR (that is, the N-terminal toward the extracellular C-terminal to the intracellular plasma membrane protein), PFAM domain has a more complex and diverse topological structure. The structures of the identified membrane protein progesterone membrane receptors and adiponectin receptor members showed that their transmembrane region sequences were not similar to those of known GPCR genes. The results of cell composition analysis and immunofluorescence localization showed that PAQR3 is not located in plasma membrane like GPCR or known PAQR family membrane receptor members, but has the same distribution as Golgi membrane protein Golgi97,GM130 and is a Golgi cell membrane protein. Further study shows that PAQR3 is a type III topological seven-time transmembrane protein, with its N end facing cytoplasm side, C terminal is located in the Golgi cavity, and the N-end towards cytoplasmic side and Loop structure are mainly responsible for binding a series of signal molecules (including BRaf, C-Raf kinase) in cytoplasm to influence the signal transmission and output of intracellular signal molecules ( Figure 1A ).
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PAQR3 is a tumor suppressor in multiple cancers
Breast cancer
The expression of PAQR3 is markedly reduced in human breast adenocarcinoma specimens compared with the adjacent non-cancerous tissues.
11,39 Also, PAQR3 levels are inversely correlated with progression and survival in breast cancer patients, in addition to cell proliferation, cell migration and HER2 amounts in human breast adenocarcinoma cells. Meanwhile, PAQR3 overexpression reduces malignancy potential in human breast adenocarcinoma.
11,39
Conversely, PAQR3 silencing in MDA-MB-231 cells promotes cell proliferation and migration. Abnormal methylation of the PAQR3 gene is one of the reasons behind its downregulation in breast cancer. Promoter hypermethylation may significantly affect the silencing of the epigenetic expression of the PAQR3 gene in breast cancer.
39
HER2 is a critical target in breast cancer treatment. Breast adenocarcinoma is also treated by adjuvant or neoadjuvant chemotherapeutics in combination with HER2-targeted molecules, eg, trastuzumab. 40 Recent studies have shown PAQR3 amounts are tightly associated with HER2 levels. 11 A possibility is that HER2 downregulates PAQR3, indicating that modulating HER2 function controls PAQR3 expression in HER2-positive breast adenocarcinoma. PAQR3 downregulation mediated by HER2 might be crucial for enhancing the tumorigenic effects of HER2. Future studies should unveil the molecular mechanism underlying HER2-PAQR3 interaction in the tumorigenesis and progression of breast cancer, which might further clarify the carcinogenetic mechanism and help develop targeted therapy.
Prostate cancer
Accumulating evidence reveals PAQR3 suppresses human prostate cancer cell growth. 41, 42 It has been found PAQR3 inhibits malignant potential in prostate cancer in cell culture and animal models. 42 
43-45
Gastric cancer PAQR3, a novel genetic signature, predicts prognosis in GC. It has been revealed that PAQR3 downregulation in human gastric cancer (GC), which was negatively correlated with Helicobacter pylori infection and remarkably correlated with GC malignancy. PAQR3 level reduction is closely associated with induced EMT in GC cells. Meanwhile, overexpression of PAQR3 could suppress cell growth, migration, and EMT in GC cells. 35 Mechanistically, PAQR3 enhances Twist1 degradation to inhibit EMT and metastasis in GC cells. 46 Other study reported that DDB2 (damage-specific DNA-binding protein 2) participates in PAQR3 ubiquitination and degradation, regulating GC cell tumorigenesis. 47 In addition, a study demonstrated that miR-15b-5p is highly expressed in GC. Indeed, elevated plasma levels of miR-15b-5p might be used as a biomarker of GC metastasis. Mechanistically, miR-15b-5p overexpression enhances GC metastasis by controlling PAQR3 expression. 48 
Colorectal cancer
PAQR3 was found to be a tumor suppressor in colorectal cancer. 49 In cells, PAQR3 controls proliferation, anchorage-independent growth, ERK phosphorylation, and The details are summarized in Table 1 .
PAQR3 modulates metabolic homeostasis and participates in the compartmentalization of cell signaling
PAQR3 has a critical function in metabolism. It suppresses insulin signaling via shunting of cytosolic p110α to the Golgi and competition with the p85 subunit in generating the PI3K-p110α complex. 58 The expression of PAQR3 is changed in individuals with insulin resistance, and its suppression enhances insulin sensitivity. 58 In addition, PAQR3 regulates obesity mediated by the leptin signaling pathway. 59 In cholesterol metabolism, PAQR3 controls cholesterol homeostasis via anchoring of sterol regulatory element binding protein SREBP cleavage-activating protein (SCAP) to the Golgi, which reduces cholesterol biosynthesis. Consequently, disrupting PAQR3 interaction with SCAP/SREBP is considered a promising tool for reducing hepatic cholesterol synthesis. 60 PAQR3 also is critical in regulating hepatic low density lipoprotein receptor (LDLR) degradation as well as circulating low density lipoprotein cholesterol (LDL-C) amounts by modulating LDLR-proprotein convertase subtilisin kexin type 9 (PCSK9) interaction, suggesting that blocking the fusion of PAQR3-containing vesicles with those carrying LDLR/ PCSK9 could help reduce blood cholesterol levels. 61 Other studies have found that PAQR3 participates in autophagy initiation by two mechanisms: (1) enhancement of the ability of proautophagy class III PI3K using the scaffold (2) AMPK signal integration into the activation of ATG14-bound VPS34 complex following glucose deprivation ( Figure 1B) . 62, 63 Another study provided crucial evidence that PAQR3 downregulates the mammalian target of rapamycin complex 1 (mTORC1) pathway, modulating autophagy in cultured cells and animal models in response to altered amino acid amounts. 64 It has been found that the overexpression of PAQR3 upregulates fibronectin and intercellular adhesion molecule-1 in glomerular mesangial cells grown in high glucose conditions, with PAQR3 controlling the formation of diabetes associated renal inflammatory fibrosis via nuclear factor kappa-B (NF-κB) signaling. 65 Another study showed that the traditional Chinese medicine Tetramethylpyrazine, used for angina pectoris treatment, inhibits atherosclerosis progression and improves fat metabolism disorders via PAQR3 downregulation and SCAP/SREBP-1c signaling suppression in high-fat diet administered ApoE −/− mice, likely involving PI3K/Akt/mTORC1 signaling. 66 
Molecular mechanisms of PAQR3 as a multifunctional regulator of diverse physiological processes
The PAQR3 protein has a variety of functions, regulating a series of signaling pathways and physiological processes. In cultured tumor cells in vitro, PAQR3 interacts with Raf in Ras/ Raf/MEK/ERK signaling, anchoring it to the Golgi apparatus, thereby inhibiting this pathway and the development of tumors. 32 PAQR3 is a new membrane protein located in the Golgi. PAQR3's N-terminus binds Gβ and anchors Gβγ to the Golgi. PAQR3 upregulation suppresses Gβγ interaction with GRK2, thus eliminating the alteration in the distribution of ligand-induced GRK2 and reducing the phosphorylation of the isoproterenol receptor (β2AR) and its desensitization. Meanwhile, PAQR3 can also inhibit Gβγ-and ligand-associated Akt phosphorylation, which is induced by PAQR3 downregulation. PAQR3 silencing equally changes the internalization of GRK2 and ligand-induced Gβγ transport to the Golgi. In a word, PAQR3 modulates GPCR signaling via Gβγ targeting to the Golgi, so that its function can be reduced.
9,67
Peroxisome proliferator-activated receptors (PPARs) are critical transcription factors regulating liver fat catabolism. They help adapt to nutritional starvation by inducing the oxidation of fatty acids as well as ketogenic production. PAQR3 is critical in regulating lipid catabolism in response to starvation via PPARα modulation.
68 PAQR3 interacts directly with
PPARα to increase para-polyubiquitination and proteasomemediated degradation. Further, E3 ubiquitin ligase HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1 (HUWE1) mediates para-polyubiquitination. Moreover, PAQR3 enhances HUWE1-PPARα interaction. 68 Histone modifications are highly involved in several physiological processes, including development and tumorigenesis. Histone H3 lysine 4 (H3K4) methylation is often involved in gene induction at the transcriptional level. H3K4 methylation in mammalians is performed by a protein complex related to Set1 (COMPASS)-like complexes comprising catalytic subunits, including mixed-lineage leukemia 1 (MLL1) and many modulatory subunits, with WD40 repeatcontaining protein 5 (WDR5), retinoblastoma-binding protein 5 (RBBP5), absent, small or homoeotic discs 2 (ASH2), and DPY30 [making up the WRAD sub-complex (WDR5-ASH2-RBBP5-DPY30 complex)] as main entities found in both yeasts and metazoans. H3K4 methylation is controlled by PAQR3 spatially through alterations in subcellular compartmentalization of the WRAD subcomplex in mammalians. 69 A study revealed PAQR3 equally plays an important role in repairing DNA damage by functionally altering the repair protein RAD23 homolog B (RAD23B)-Xeroderma pigmentosum group C (XPC). 70 Another study pinpointed PAQR3 constitutes an adaptor molecule that promotes nuclear factor erythroid 2 [NF-E2]-related factor 2 (Nrf2)-Kelch-like erythroid cell-derived protein with CNC homology [ECH]-associated protein 1 (KEAP1) complex generation, thereby modulating the related pathway and controlling cellular antioxidant reactions. 71 A recent study found that PAQR3's N-terminus interacts with the WD domains of Sec13 and Sec31A, enhancing their Golgi accumulation. This finding revealed that PAQR3 is a key molecule that regulates ER-to-Golgi translocation via interaction with the Sec13/Sec31A coat protein complex of COPII vesicles. 72 Different regulatory functions of PAQR3 in multiple signaling pathways PAQR3 is highly involved in the regulation of energy metabolism, cell homeostasis maintenance, and cell survival promotion. It can sense and integrate signaling factors such as nutrition and oxygen concentrations. Different response mechanisms are selected according to the tissue microenvironment, as the active adaptation of the organism to changes in the internal microenvironment during the long-term evolution process. Findings on various regulatory functions of PAQR3 in multiple signaling pathways are shown in Figure 2 . 73 There is a research group synthetically produced a peptide simulating the suppressive effects of PAQR3, and assessed PAQR3's effects on human gastric cancer in cell and animal models. These authors demonstrated that blockade of the interaction between p110α and P85 using the synthetic peptide based on PAQR3 constitutes a novel tool for inhibiting class I PI3K and decreasing the carcinogenic effects of PI3K. This finding provides an objective experimental basis for treating gastric cancer with PAQR3 targeting PI3K. 74 
Summary and outlook
In conclusion, PAQR3, as a Golgi membrane protein, can inhibit the activation of Raf/MEK/ERK signal pathway by binding B-Raf and C-Raf to the upstream and downstream signals, thus affecting the expansion and transformation of cells, and the tumorigenesis and development of the body. At present, the study of PAQR3 gene function is still in its preliminary stage, whether at the molecular level or in animal models to reveal its physiological function may only be the tip of the iceberg. In the mechanism of action, the signal pathway regulated by PAQR3 needs to be further investigated. For example, what is the mechanism that PAQR3 affects the HER2 when the effect of PAQR3 on the HER2 signal has been found in breast cancer? PAQR3 must have more binding protein on the Golgi, then what kind of way is it to control the signal pathway and physiological function of these binding proteins? What is the effect of the modification of phosphorylation sites of Raf kinase on its binding to PAQR3? Does Raf kinase anchored on Golgi apparatus by PAQR3 have special physiological functions? What is the effect of PAQR3 on cancer caused by other cancers and other factors at the animal or body level? In a word, the true physiological role of PAQR3 in human tumors, metabolism, or other diseases is far from being fully understood.
In addition, the molecules of different subpopulations of the PAQR family play a regulatory role in the processes of fatty acid oxidation, inflammation, metabolism, cell apoptosis, tumorigenesis, sex hormone regulation, etc. The study of the PAQR3 family, including the PAQR3, is gradually increasing, but the indirect estimation of its biological function is more and more, and there are still large disputes in many aspects. Due to the diversity of PAQR family members in the subcellular localization and distribution characteristics, there is a lack of functional contact between the members of the family. With the indepth study of the members of the PAQR family, on the one hand, the understanding of its existing physiological and pathological processes will be updated, on the other hand, the signal transduction pathway mediated by this kind of protein will be more clear, which will provide new targets and strategies for the treatment of tumors and metabolic related diseases.
